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inter-observer variability was higher, in particular for radial 
strain (ICC = 0.41). The present study shows that 3D strain 
analysis provided good estimates of circumferential and 
longitudinal strain, while estimates of radial strain were 
less accurate between observers.
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Introduction
Strain analysis is increasingly being advocated as an objec-
tive method to quantify global and regional myocardial 
deformation [1–5]. Commercially available tools for 2D 
strain analysis show reasonable accuracy in the experi-
mental setting and have definitely entered clinical prac-
tice. However, as myocardial deformation occurs in a three 
dimensional (3D) field, 2D analysis can only partially 
describe this complex phenomenon and may include errors 
due to out-of-plane motion of tissue under investigation. 
Furthermore, a complete topographic analysis of all strain 
components in the left ventricle (LV) requires a minimum 
of six separate image acquisitions.
3D strain analysis based on real-time 3D echocardiog-
raphy (RT3DE) is expected to overcome these limitations 
and provide a more practical and complete approach to 
global and regional ventricular dynamics [6, 7]. With full 
volume acquisition, RT3DE incorporates all strain compo-
nents of the heart within a single dataset [8–10]. I  ddition, 
3D str in analysis is angle independent and avoids strain 
estimation errors due to out-of-plane motion. Finally, it pro-
vides new indices such as area strain and may enable more 
precise calculations of LV twist and shear strain.
Abstract Three-dimensional (3D) strain analysis b sed 
on real-time 3-D echocardiography (RT3DE) has em rged
as a novel technique to quantify regional myocardial func-
tion. The goal of this study was o evalua e accuracy 
of a novel model-based 3D tracking tool ( Si  Volume 
Mechanics, Siemens Ultrasound, Mountain View, CA, 
USA) using sonomicrometry as an independent meas re
of cardiac deformation. Thirteen sheep w re i strumen ed 
with microcrystals sutured to the epi- and endocardium of 
the inferolateral left ventricular wall to trace myocardial 
deformation along its three directional axes of motion. 
Paired acquisitions of RT3DE and sonomi rometry were 
made at baseline, during inotropic modulation and during 
myocardial ischemia. Accuracy of 3D strain mea urements 
was quantified and expressed as level of agreement with 
sonomicrometry using linear reg ess  and Bland–Altm n 
analysis. Correlations between 3D strain analy is and sono-
micrometry were good for longitudinal and circumferential 
strain components (r = 0.78 and r = 0.71) but poor for radial 
strain (r = 0.30). Accordingly, agreement (bias ± 2SD) was 
−5 ± 6 % for longitudinal, −5 ± 7 % for circumf rential, 
and 15± 19  % for radial strain. Intra-observer variability 
was low for all components (intra-class correlation coef-
ficients (ICC) of respectively 0.89, 0.88 and 0.95) while 
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A bilumen catheter was inserted into the left jugular 
vein to allow measurement of central venous pressure and 
administration of drugs. A catheter-tipped pressure trans-
ducer (Millar, Houston, TX, USA) was advanced into the 
LV chamber via the right carotid artery for continuous mon-
itoring of LV pressure and first temporal derivative (dP/dt). 
The systemic arterial pressure was measured in the proxi-
mal aorta using a fluid-filled sideline of the arterial sheet.
Cisatracurium (bolus, 0.5 mg/kg) was administered 
10 min before the surgical incision. A sternotomy was per-
formed, and the heart was suspended in a pericardial cradle 
to maintain normal anatomic configuration. Cardiac output 
was monitored with a flow probe positioned around the pul-
monary artery.
Ventricular wall deformation throughout the cardiac cycle 
was determined with sonomicrometry (Sonometrics Ultra-
sonic Measurement System, Sonometrics Corporation, Lon-
don, Ontario, Canada). Reference radial (εRR ), longitudinal 
(εLL ), and circumferential (εCC ) strain components were 
determined using four ultrasonic microcrystals that were 
sutured in a tetrahedral configuration to the myocardium at 
the mid-inferolateral wall; three crystals were sutured to the 
epicardium, resulting in two crystal pairs along the circum-
ferential (parallel to the AV-groove) and longitudinal direc-
tion (perpendicular to the AV groove), and one crystal was 
placed in the subendocardial region just radial to the center 
crystal. The subendocardial crystal was introduced obliquely 
to limit damage to the evaluated myocardium (Fig. 1).
Data acquisition
Full-volume, real-time ultrasonographic volumetric data 
(RT3DE) were recorded with an ultrasound machine (Sie-
mens SC2000, Siemens Ultrasound, Mountain View, CA, 
USA) equipped with a matrix transducer (4Z1c matrix trans-
ducer, Siemens). Volume sequences were acquired from an 
apical window using a liver as standoff. The optimal com-
bination of spatial and temporal resolution was achieved by 
decreasing the volume size and depth to the smallest setting 
possible, while keeping the whole LV chamber within the 
field of view. The ultrasound transducer operated at a central 
frequency of 2.8 MHz and acquired images from the entire 
heart at 25–50 volumes per second.
After echocardiographic recordings at baseline, the ino-
tropic state was reduced by esmolol infusion and increased 
by administration of dobutamine. This enabled modulation 
of the range of strain values. A physiologic target was set to 
50 % decrease in LV dP/dt with esmolol, and 100 % increase 
in LV dP/dt with dobutamine titration, with respect to base-
line. Finally, acute ischemia was induced by snare occlusion 
of the circumflex coronary artery.
The sonomicrometry and RT3DE systems could not 
be operated simultaneously because the systems use 
Despite these obvious conceptua  advantag s, the clini-
cal utility of 3D strain analysis remains to be demonstrated. 
Indeed, the increased field of view of volumetric images 
limits the spatial and temporal reso ution of the dataset. 
Current volumetric datasets t erefore hav  a relatively
coarse speckle pattern that exhibit  l rge amounts of motion 
and deformation between subsequen  volumes. These con-
ditions increase the risk of speckle decorr lation and track-
ing errors.
To date, several software tools, based on distin t prin-
ciples and algorithms, are available for 3D tracking and a 
number of clinical studies have show  their p tential to 
assess regional function [11–13]. However, few stu ies 
have experimentally validated these m thods in an in-vivo 
setting [13] and results seem to vary between th  different 
analytic approaches [14, 15]. In this study e evaluate a 
newly developed model-based softw re package for 3D
strain analysis. Our working hypothesis is th t there is good 
agreement for quantitative values of al  three strain c mpo-
nents assessed by RT3DE-based 3D strain analy s with the 
current gold standard technique, i.e. invas ve sonomicrome-
try. We addressed this hypothesis n an acutely instrumen ed 
open-chest sheep model subj cted to inotropic modula ion 
and controlled regional myocardial ischemia.
Methods
Animals
This study was performed in thirteen female Suffolk sheep 
(mean body weight, 44 ± 11 k ). The study conformed with 
the Public Health Service Policy on Human  Care and Use 
of Laboratory Animals published by the Office of Labora-
tory Animal Welfare of the United States Nat onal Inst tutes 
of Health [16] and was approved by the local ethics commit-
tee (Ethische Commissie Dierproeven, Ghent University, 
Ghent, Belgium).
Instrumentation
The sheep were premedicated with ketamine (10 mg/kg) 
and piritramide (1 mg/kg). Anesthesia was induced with 
sufentanil (0.5 μg/kg) and an intravenous infusion of pro-
pofol (10 mg/kg). The trachea was intubated and the lungs 
were mechanically ventilated throughout the pr cedure with 
a mixture of sevoflurane, oxygen, and room air to maintain 
normal blood oxygen and carbon dioxide levels (tidal vol-
ume, 8 mL/kg; respiratory rate, 12 brea hs/min). A gastric 
tube was positioned to evacuate excess gas and fluid from 
the reticulorumen. Anesthesia was mai t ined with a con-
tinuous infusion of sufentanil (1 μg/kg/h) and sevoflurane 
inhalation (end-tidal concentration, 2.5 %).
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Reference strain curves were obtained from processing 
the recorded crystal traces with custom software as described 
previously [17]. By using the speed of sound (1530 m/s) 
and the time of flight between ultrasonographic emission 
and detection in a neighboring crystal, inter-crystal distance 
was calculated continuously (time resolution, 1 ms; spatial 
resolution, 15.4 μm). End-diastole for the crystal traces was 
identified from the onset of the LV contraction at the posi-
tive infliction point of the first LV pressure derivative. Strain 
was calculated using [4]:
where DN(t) was the instantaneous distance at time point t 
between two crystals in direction N (radial, circumferential, 
or longitudinal) and DN(0) w s the distance in direction N at 
time zero, which corresponded to end-diastole. End-systolic 
values were extracted from the time of aortic valve closure, 
defined as dP/dtmin − 20 ms [18]. The reference end-systolic 
strain values before and after each stage were averaged to 
account for any physiologic change during the time of ultra-
sound acquisitions.
Pairing of crystal and 3D strain measurements
Although the sonomicrometry crystals were implanted 
in the inferolateral wall at the mid-ventricular level, there 
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overlapping frequency bands. Th fore, crystal data  
acquired immediately before and after ea h ge, and the 
sonomicrometry system was switched off during the RT3DE 
recordings made in between.
Determination of myocardial str in
All 3D datasets were processed using a s ftware p ck ge for 
automated volumetric strain analys s ( Sie Vol m  Mecha -
ics, Siemens Healthcare, Erlangen, Germany) that allowed 
extraction of segmental curves for εRR , εLL , and εCC . Four 
2D reference planes were automatically generated from the 
acquired 3D volumetric datasets and positioned at the end-
diastolic frame. The software features an automatic LV seg-
mentation solution, but this was designed for human h arts. 
It was therefore not appropriate to analyze sheep cardiac 
images. As such, a semi-automatic segment tio  strategy 
was followed to delineate the region of interest for a alysis. 
In each of the four views, an endocardial border was first 
constructed from three refer ce po nts that were placed at 
the level of the mitral annulus nd one referenc point hat 
was placed at the LV apex. The epicardial border was then 
set at a fixed distance from the endocardial contour. Finally, 
endo- and epicardial borders could be manually adjusted and 
the resulting myocardial mesh was tracked throughout the 
cardiac cycle. The three cardiac strain components were esti-
mated in a segmented LV model (Fig. 2). The end-syst lic
frame was determined visually bas d on aortic v ve closure.
Fig. 1 Determination of ventricular wall deformation with sonomi-
crometry. Sonomicrometry crystals (white arrows) were sutured in 
a tetrahedral configuration in the inferolateral cardiac wall to obtain 
reference myocardial deformation (ε) in the radial (εRR ), longitudinal 
(εLL ), and circumferential (εCC ) direction. AL anterolateral, Ant ante-
rior, AS anteroseptal, IL inferolateral, Inf inferior, IS inferoseptal, LV 
left ventricle, Mid mid-ventricular, RV right ventricle
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linear regression and Bland–Altman analysis. This analy-
sis was also performed per hemodynamic stage (baseline, 
dobutamine, esmolol, ischemia), to investigate whether the 
performance of the clinical strain tool was affected by the 
heart rate. Bias and limits of agreement differences between 
stages were assessed using a t test and F-test respectively. 
Two assessors analyzed the datasets independently in order 
to study inter-observer variability. One of the assessors per-
formed the complete analysis twice after a 1-week interval 
to determine intra-observer variability. Inter- and intra-
observer variability were quantified and reported using the 
intra-class correlation coefficient (ICC). Statistical signifi-
cance was defined as P ≤ 0.05.
Results
Ischemia measurements could not be completed in four 
sheep due to major arrhythmia and esmolol data was lack-
ing in one animal. Three ultrasound datasets were excluded 
from analysis because of image dropout artifacts in the 
inferolateral region (1 dataset during esmolol and 2 datasets 
during ischemia). Reference sonomicrometry strain values 
were not available at baseline for seven sheep because of 
missing pressure traces, which prevented reliable timing 
of end-systole. In addition, reference strain traces of two 
animals in the ischemic phase were excluded because of 
unreliable signal quality from the sonomicrometry system. 
Overall, 35 datasets were thus included for further analysis 
by 2 independent users. Hemodynamic data are shown in 
Table 1.
3D strain analysis and sonomicrometry data correlated 
well for longitudinal and circumferential strain components 
was uncertainty in matching the natomic location to the 
3D mesh extracted from the volumetric ultrasound ata 
because the sonomicrometry crys ls were n t visibl  in 
the ultrasound volumes. Although this was of benefit to 
avoid bias induced by tracking the crystals instead of the 
myocardium, it did pose the problem of sp ial regi tration 
between the crystal and echocardiographic strain measure-
ments. As such, the segment defined as the mid-ventricular 
inferolateral segment in the 3D echocardiographic mesh 
may not exactly correspond to th  anatomic position of the 
implanted crystals. While thi  issue is less critical for a nor-
mal heart showing a fairly homogeneous wall deformat on, 
this becomes important in an ischemic scenario because 
major spatial differences in regional strain occur, even for 
anatomically adjacent regions. To avoid this potential error, 
we used an iterative process, fitting the wider inferolateral 
area, including segment 11 and its direct anatomic neigh-
bors (segments 5-10-12-16) to the ono crometry data of 
all experimental stages per individual animal. The seg ent 
numbers refer to the standardized AHA segment defini-
tion [19]. The best fitting segment for a given animal was 
then selected and consistently used as the index sample for 
data analysis over all experimental tages in that particular 
animal.
Statistical analysis
Statistical analysis was perfo med with two software pack-
ages (MATLAB R2010b, MathWorks, Natick, MA, USA 
and Excel 2007, Microsoft Corp., Redmond, WA, USA). 
Assessment of accuracy and agreement between the refer-
ence local end-systolic strain measured by onomicr metry 
and RT3DE was performed for each strain c mponent with 
Fig. 2 Display of segmental radial strain values after tracking the endocardial and epicardial borders
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longitudinal and circumferential strain ICC of 0.67 and 0.60 
respectively but high for radial strain (ICC 0.41).
Discussion
The present data show good correlation and agreement 
between RT3DE and sonomicrometry for quantification of 
regional longitudinal and circumferential strain, but not for 
the radial component. Inter-observer variability was also 
highest for radial strain, suggesting that these calculations 
(r = 0.78 and r = 0.71) but not for radial strain (r = 0.30). 
Correlations between average echo strain and crystals in 
the setting without ischemia were r = 0.77 for longitudinal, 
r = 0.50 for circumferential and r = 0.08 for radial strain 
respectively. 3D strain measurements were consistently 
higher than sonomicrometric measurements for all com-
ponents but the magnitude of diff r ce was highest for 
radial strain. Limits of agre m nt were also two- o three-
fold higher for radial strain comp red to longitudi al and 
circumferential strain (Fig. 3). Table 2 ummarizes bias nd 
limits of agreement for all stag  or grouped per investi-
gated hemodynamic stage.
Intra-observer variability was low for all strain compo-
nents (Table 3). Inter-observer variability was moderate for 
Table 1 H modynamics during the 4 acquisition stages
HR (bpm)EDV (ml)ESV 
(ml)
EF (%) VR 
(V/s)
Baseline85 ± 8 74 ± 19 32 ± 12 58 ± 8 35 ± 11
Dobutamine123 ± 14* 58 ± 16* 28 ± 9 53 ± 5 35 ± 11
Esmolol 72 ± 6* 79 ± 20 36 ± 10 55 ± 5 36 ± 11
Ischemia101 ± 16 74 ± 27 44 ± 23 44 ± 15 34 ± 12
HR heart rate, EDV end diastolic volume, ESV end systolic volume, 
EF ejection fraction, VR volume rate
*P ≤ 0.05
Table 2 Bland–Altman analysis of end-systolic strain determined 
from RT3DE and sonomicrometry for radial, longitudinal and circum-
ferential strain
Bl nd–Altman analysis (bias ± limits of 
agreement)
Radial LongitudinalCircumferential
Global 15.1 ± 19.0 −4.9 ± 6.5 −5.4 ± 7.4
Baseline 18.8 ± 21.4 −6.8 ± 5.7 −5.7 ± 7.3
Dobutamine11.4 ± 20.0 −4.5 ± 5.9 −3.5 ± 7.4
Esmolol 16.7 ± 18.7 −4.8 ± 8.2 −7.0 ± 6.5
Ischemia 15.8 ± 13.3 −3.8 ± 3.5 −5.8 ± 7.4
Analysis was performed globally, or when grouping datasets per 
stage. Limits of agreement was as 1.96 × SD
Fig. 3 Correlation analysis and Bland–Altman plots (bias and limits of agreement) of end-systolic strain determined from RT3DE and sonomi-
crometry for radial (left), long tudinal (middle) and circumferential strain (right)
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such as area strain (GE Healthcare, Horten, Norway) or 
area change ratio (Toshiba, Tokyo, Japan). These param-
eters combine information about the deformation occurring 
in the circumferential and longitudinal directions by mea-
suring the relative area change of the endocardial surface 
during the cardiac cycle. The volume conservation theory 
notes that the sum of all strain components equals 0 for 
small deformations, and area strain or area change ratio may 
provide information similar to εRR  without measuring εRR . 
Indeed, an in-vivo validation study showed that area change 
ratio could detect myocardial ischemia as well as standard 
strain components and as such seems to be a promising tool 
to assess regional wall motion [24].
Longitudinal and circumferential strain measurements 
were more consistent than radial strain but also showed a bias 
towards overestimation of the corresponding sonomicrom-
etry-based data (Table 2–global). Since sonomicrometric 
crystals were sutured to the epicardium, while RT3DE-based 
measurements include a significant part of the midmyocar-
dium, this bias could at least partially relate to the transmural 
gradient in deformation. Implantation of the crystals in the 
midmyocardium however may cause considerable muscle 
damage and can affect speckle tracking of the myocardium 
with echocardiography. Interestingly, in previous studies on 
2D strain analysis, no large bias was reported for longitudi-
nal strain in spite of the same methodological issue [25].
Subgroup analysis per hemodynamic stage (Table 2) 
revealed that performance did not change over the consid-
ered stages: neither the bias, nor the limits of agreement of 
the dobutamine, esmolol and ischemia stage showed signifi-
cant differences (P < 0.05) with respect to the baseline stage. 
Indeed, datasets with more frames per cardiac cycle (i.e. 
during esmolol) or with less frames per cardiac cycle (i.e. 
during dobutamine) showed the same overall performance 
trends. These results are in line with a recent study for 2D 
tracking software which showed that the effect of frame rate 
on performance becomes minimal once a sufficient frame 
rate is reached [26]. The findings of our study therefore 
seem to indicate that a sufficient volume rate was reached 
to reliably analyze the data in each stage. It should also be 
noted that the ischemia stage had a tendency to perform bet-
ter for the radial and longitudinal strain component (with the 
lower bias in the longitudinal direction almost being statisti-
cally significant, P = 0.08). This is likely related to the fact 
that overall deformation was also lower, potentially making 
tracking easier as inter-frame motion was smaller.
This study focused on accuracy of a single 3D strain 
analysis method and was not designed to compare differ-
ent 3D algorithms nor to compare 2D with 3D strain analy-
sis systems. There is certainly a need for such comparative 
studies in the near future. There is high variation between 
values obtained by software from different commercially 
available systems to assess 3D strain [27]. The different 
are user-dependent and subject to interpretation. This study 
thus presents an in-vivo validation of a new model-based 
algorithm for 3D strain analysis. The results confirm that 3D 
strain analysis has the potential to allow rapid and c mplete 
assessment of regional ventricular dynamics.
These findings are consistent with results obtained from 
current commercial 3D speckle tr cking methods that rely 
on block-matching-based algo ithm . The superiority of 
RT3DE over previously used 2D te hniques in terms of 
assessing global myocardial function, has already been sug-
gested [20], but only a few studies have validate  these 3D 
algorithms in an in-vivo expe imental setting. Regional cor-
relations between 3D speckle tracking imaging (3D-STI) 
and sonomicrometry were previously reported by Seo et al. 
in ten sheep (εRR, r = 0.59–0.70; εLL, r = 0.65–0.68; εCC, 
r = 0.71–0.78; [12]). In a clinical study [21], 3D strain val-
ues were compared to 2D technique , and segmen al corre-
lations were moderate for εLL (r = 0.49) and εCC (r = 0.43) 
but poor for εRR (r = 0.24). In [17], we desc ib d an alter-
native tracking technique bas on elastic image r g stra-
tion. In eleven sheep, a duplicate s t f e hoc rdio raphic 
recordings was made at each exper mental stag  with a 
distinct echocardiography syst m. All strain components 
were estimated with acceptable accuracy (εRR, r = 0.69; 
εLL, r = 0.64; εCC, r = 0.62). However, caution is advised in 
interpreting and comparing p vious result  between these 
studies because the reported strain values may not corr -
spond to the same local cardiac coordinate system. Ind ed, 
in some studies principal strain components were mea-
sured along the three major directions where no shear strain 
occurred [22].
The lower accuracy for radial strain may relat  to the fact 
that the spatial motion gradi nt has to be c culated over a 
smaller region. Furthermore, beam density and spat al reso-
lution are also lower in the rad al direction compar d to the 
longitudinal direction because of the left ventricular orien-
tation in the image. Although e ording data from a para-
sternal transducer position might partially overcome this
problem, this does not allow visualization of the whole LV 
in a single acquisition thereby reducing the benefit of using 
RT3DE over 2D techniques. Worth mentioning is that the 
measurement of εRR  is also more difficult and susceptible to 
errors with 2D techniques [23]. To overcome this problem, 
some systems have proposed to use additional paramet r  
Table 3 Intra- and interobserver variability expre sed as intra-class 
coefficient (ICC) for strain analysis with real-time 3-Dimensional 
echocardiography
Strain component
RadialLongitudinalC rcumferential
Intraobserver ICC0.95 0.89 0.88
Interobserver ICC0.41 0.67 0.60
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Finally, misalignment of the implanted sonomicromet-
ric crystals is of concern, as positioning of these crystals 
is critical and technically difficult on the beating heart. 
However, trigonometric calculations of the magnitude of 
error induced by a potential misalignment show the follow-
ing: assuming a myocardial thickness of 10 mm and a pure 
radial strain of 30 %, a relative error not exceeding 10 % (i.e. 
an absolute strain error <3 %) would equire a 14 degree 
misalignment in both azimuth and elevation direction, or a 
misalignment of 19.5 degrees when only a single plane is 
considered. Such misalignment would be readily picked up 
in our 2D echocardiographic control procedure and, as such, 
did not occur in this study.
Conclusions
In summary, the present study shows that RT3DE with 
a new clinical tool (eSie Volume Mechanics, Siemens 
Healthcare) that combines 3D speckle tracking methods 
with a model-based algorithm, provides accurate estimates 
of εCC  and εLL  from volumetric ultrasonographic datasets in 
an open-chest animal model. Estimates of εRR  are however 
less reliable.
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